The isthmi pars magnocellularis (Imc), a group of inhibitory neurons in the vertebrate midbrain 13 tegmentum, orchestrates stimulus competition and spatial selection in the optic tectum (OT). Here, we 14
INTRODUCTION 23
For animals operating within complex environments, the ability to select the location of the highest 24 priority stimulus is vital for adaptive behaviors. Stimulus priority is the combination of the physical 25 salience of a stimulus as well as its behavioral relevance, and is computed at several sites in the brain [1] . 26 Among these, the midbrain selection network has been studied for its important role in the control of 27 stimulus selection for spatial attention [2, 3] . It consists of the superior colliculus (SC, in mammals, or optic 28 tectum, OT, in non-mammals), which encodes a topographic map of multisensory and motor space, as 29 well as a spatial map of stimulus priority [2, 3] , and satellite brain areas in the midbrain tegmentum that 30 are interconnected to the SC/OT [4] [5] [6] [7] [8] . 31
Work in non-human primates has demonstrated that the intermediate-deep layers of the SC (SCid) are 32 required for the selection of the target of spatial attention amidst distractors [9, 10] . In parallel, work in 33 the avian midbrain has demonstrated that neurons in the OTid signal the highest priority stimulus 34 categorically: they respond with a high firing rate when the stimulus inside their receptive field (RF) is of 35 highest priority, but are suppressed abruptly to a low firing rate when it is no longer the highest priority 36 [11] [12] [13] . Suppression of the responses of SCid/OTid neurons by competing stimuli has been reported in 37 several vertebrate species [10, [14] [15] [16] [17] [18] [19] [20] [21] . The source of such long-range competitive inhibition that underlies 38
OTid's categorical signaling has been identified to be a group of inhibitory neurons in the vertebrate 39 midbrain tegmentum, called nucleus isthmi pars magnocellularis (Imc; [4] [5] [6] . Specifically, it has been 40 shown in birds that inactivation of the Imc abolishes all competitive interactions in the OTid [22, 23] , as 41 well as in the cholinergic Ipc (isthmi pars parvocellularis; [7, 8, 24] , another key area in the midbrain 42 selection network, which serves as a point-to-point amplifier of activity across the OTid space map [23, 43 25, 26] . 44
Despite the importance of Imc to the signaling of the highest priority stimulus by the OTid [22, 23] , its 45 functional properties are not well understood [27, 28] . Recent work in barn owls has revealed the unusual 46 multilobed structure of spatial RFs in the Imc, which has been shown to underlie its combinatorially 47 optimized encoding of visual space [29] . In addition, Imc neurons have been shown to exhibit global 48 inhibitory surrounds that may serve as a substrate for stimulus competition within the Imc [27, 30] . Here, 49 we investigated in detail the properties of multisensory stimulus competition in, and the signaling of the 50 most salient stimulus by, the Imc. Specifically, we examined how the responses of Imc neurons to two 51 competing stimuli changed, as their relative strength (salience) was varied systematically. Our results 52 demonstrate that the Imc is itself an active site of competition, as opposed to being either a passive 53 conduit of inhibition to OT or simply reflecting activity in the OT. Imc neurons display signatures of 54 stimulus competition that are quantitatively different from the OTid on average, and qualitatively distinct 55 from those of individual, spatially aligned OTid sites recorded simultaneously. 56
RESULTS 57
Switch-like and gradual response profiles in the Imc to competing visual stimuli 58
To examine relative strength-dependent stimulus competition in the Imc, we recorded extracellularly the 59 responses of Imc neurons in the barn owl, using a previously published competition protocol (Methods; 60 [11, 31] , Fig 1A) . We presented a visual stimulus (S1) of fixed strength (loom speed; Materials and 61
Methods) within the RF of a recorded neuron, and measured responses when a second, competing visual 62 stimulus (S2) of varying strengths was presented far outside the RF (> 30 ° away; Fig. 1A ; [11] . The 63 responses obtained to the paired presentation of S1 and S2 using this protocol, collectively called 64 competitor-strength dependent response profiles or CRPs (Fig. 1BD -bottom panels; [11] , were 65 compared with the responses to S1 presented alone ( Fig. 1BD -top panels) ; the two types of trials were 66 interleaved randomly. 67
The majority of the recorded Imc neurons (66/78) exhibited CRPs that were negatively correlated with the 68 strength of S2 ( Fig. 1B-E; p<0 .05, Pearson correlation test; Materials and Methods). Of the remaining, one 69 fraction showed CRPs with fixed response suppression, independent of the strength of S2 (1/78; Materials 70 and methods) and the rest were not affected by S2 (11/78; Materials and Methods) . 71
Further examination of the negatively correlated CRPs revealed two distinct patterns of suppression based 72 on how abruptly the responses transitioned from the maximum to the minimum value. In one set of CRPs, 73 the majority of response suppression was expressed over a narrow range of S2 strengths, and in the other, 74
the response suppression increased in graded, systematic way as a function of S2 strength. To quantify 75 the abruptness of the response transition, we defined the CRP transition range as the range of S2 strengths 76 over which the responses dropped from 90% to 10% of the maximum response (Materials and Methods). 77
Following previously published convention [11] ; Materials and Methods), CRPs with transition ranges 78 narrower than 1/5 th the nominal range of S2 strengths (4°/sec), were referred to as being 'switch-like' (Fig  79 1B-C), while those with transition ranges broader than 4°/sec were referred to as being 'gradual' (Fig 1D- to S1 alone, and to the paired presentation of S1 and S2 for every strength of S2 (Materials and Methods). 116 We then binned the relative competitor strength (S2-S1) values into five bins ( Fig. 2A -H, columns), and for 117 each bin, grouped across neurons the normalized instantaneous firing rate responses to S1 alone, and 118 separately, to paired S1 and S2 ( Fig. 2A vs. 2B, respectively; Materials and Methods). We quantified the 119 emergence of response suppression for each relative strength bin by comparing the pooled responses to 120 S1 and the pooled responses to paired S1 and S2 ( Fig. 2C ; gray vs. green, respectively) using a millisecond-121 by-millisecond running ANOVA procedure ( Fig. 2D ; Materials and Methods). The time-to-suppression 122 (TTS) was defined as the first instant at which the responses diverged significantly ( Fig. 2D ; dashed vertical 123 arrows; Materials and Methods). 124
We found that among the neurons with gradual CRPs, there was a systematic reduction in the time-to-125 suppression as a function of relative strength: from 253 ms at relative strength = -7 °/s, to 124 ms at 126
relative strength +10 °/s ( Fig. 2I ; green data; slope = -6.5, p < 0.05, linear regression). We repeated the 127 above analysis for neurons with switch-like CRPs and found that the times-to suppression also decreased 128 as a function of relative strength (from 370 ms to 91 ms), but with a much steeper slope than for neurons 129 with gradual CRP ( Notably, the times-to-suppression for switch-like CRPs were much longer than for gradual CRPs when S2 134 was weaker than S1 ( Fig. 2I ; magenta vs. green data at negative relative strength values), but flipped over 135
to being shorter when S2 was stronger than S1 ( Fig. 2I ; magenta vs. green data at positive relative strength 136 values). This resulted in a substantially large change in the time-to-suppression across the relative strength 137
of zero (i.e., the 'selection boundary') for switch-like CRPs compared to gradual CRPs (switch-like: 200 ms 138 drop from 301 ms to 101 ms vs. gradual: 37 ms drop from 174 ms to 137 ms). 139
We wondered if this flip in TTS values for switch-like vs. gradual CRPs across the selection boundary might 140 be explained by the intrinsic difference in the shapes of switch-like versus gradual CRPs (Fig. 1C vs. 1E). 141
Specifically, we asked if the systematic reduction in firing rates for gradual CRPs to paired S1 and S2 as a 142 function of S2 strength ( Fig. 1E ) resulted in greater suppression of responses (than for switch-like CRPs) 143 when S2 was just weaker than S1, but weaker suppression (than for switch-like CRPs) when S2 was just 144 stronger than S1. The pooled population averages of instantaneous firing rates (Figs. 2C vs. G) suggested 145 that this may be true. To test this explicitly, we quantified the amount of response suppression to paired 146 S1 and S2 at relative strengths of -3.5 and +3.5 ̶ the two bins just on either side of the selection boundary. 147
Indeed, we found greater suppression for gradual CRPs than switch-like CRPs at relative strength = -3.5, 148
but weaker suppression at relative strength = +3.5 ( Fig. 2J ), consistent with the faster time-to-suppression 149 for gradual CRPs at relative strength = -3.5 but slower time-to-suppression for gradual CRPs at relative 150 strength = +3.5. 151 the relative strength of betwen S1 and S2 (S2-S1). (A,B) Instantanous firing rates (IFRs) of neurons to S1 156 alone (A) or to S1 and S2 presented together (B), computed by smoothing PSTHs (1 ms time bins) with a 157
Gaussian kernel (sd = 12 ms; Materials and Methods). For each neuron, IFRs are normalized by the peak 158
firing rate of that neuron to S1 alone. Neurons in (A) are sorted by the half-peak firing rate; neurons in B 159 are in the same order as in A. (C) Pooled average firing rates to S1 alone (gray) or to S1 and S2 (green) of performing ANOVA between the responses to S1 alone vs. to S1 and S2 at each millisecond. Vertical dashed 162 arrows (and colored text): time-to-suppression (TTS); defined as the first instant at which responses to 163 paired S1 and S2 diverge significantly from responses to S1 alone (Materials and Methods). Horizontal 164 dashed lines: p-value thresholds used in determining TTS; lower line at p=0.05, upper line at p=0.01.
165
(E-H) Same as A-D, but for Imc neurons with switch-like CRPs.
166
(I) Comparison of TTS for neurons with switch-like (magenta) vs. gradual CRPs (green). 167 (J) Plot of average amount of response suppression (± s.e.m ) for switch-like vs. gradual neurons for the 168 two relative strength bins on either side of the selection boundary. Text reports the effect size (eta 2 ). 169
Multisensory stimulus competition in the Imc 170
The occurrence of gradual and switch-like CRPs was not restricted to just the visual sensory modality. We 171 measured "auditory" CRPs using a visual S1 (of fixed strength) and an auditory S2 (of varying strengths; 172 S2aud). S2aud stimuli were broadband noise bursts, and S2aud 'strength' was varied by changing the binaural 173 sound level (Materials and Methods). 174
We recorded auditory CRPs at 35 Imc neurons, and of these, 20 exhibited CRPs that were negatively 175 correlated with the strength of S2aud (Methods; p<0.05, Pearson correlation test). Further examination of 176 the responses of these neurons revealed two distinct patterns of suppression as a function of strength of 177
S2aud: gradual or switch-like ( Fig 3B-E) . Switch-like auditory CRPs were defined as those for which the 178 transition range was narrower than 9 dB (1/5 th the full range of S2aud strengths; just as in the case of visual 179
CRPs, and consistent with previously published literature - [11, 32] . Of the 20 neurons with correlated 180
CRPs, 10 were found to be gradual and the rest, switch-like ( Fig 3D) . (100-300 ms) during which response firing rates were calculated. S1 loom speed = 5.6 °/s. (E) spike counts.
195
Correlation coefficient of responses vs. S2aud strength = 0.99 (p < 0.01, Pearson correlation test), r 2 = 0.99 196 for the best fitting sigmoid, transition range = 31 dB. All other conventions as in Fig. 1DE . 197 (F) Histogram of transition ranges of CRPs recorded in Imc that exhibited a negative correlation with the 198 strength of S2aud (n=20 neurons/35 total). Vertical line: "cut-off" transition range of 9 dB (Materials and 199
Methods). The median strength of S1 was 5.6°/s with 95% CI of [5.1°/s, 6.1 °/s]. 200
Imc signals the strongest stimulus accurately and flexibly 201
The observation of abrupt response suppression in switch-like CRPs led us to ask if strength of S2 at which 202 the transition occurred from high to low response values was meaningful. Because this transition was also 203 well-defined (albeit less so) in gradual CRPs, we asked this question more generally of switch-like as well 204
as grdual CRPs in the Imc. Specifically, we wondered if the strength of S2 at which the transition occurred 205 was related to the (fixed) strength of the stimulus inside the RF, S1. (Because this comparison is only 206 meaningful when both stimuli are of the same sensory modality, we restricted our analysis to visual CRPs.) 207
To this end, we first defined as the CRP 'transition value' the strength of S2 at which the responses were 208
half-way between the maximum and minimum values, and quantified it as the midpoint of the transition 209 range ( Fig. 4A ; Materials and Methods). We then compared the transition value of each CRP to the 210 strength of S1 used to measure the CRP, and defined this difference as the CRP 'bias' (bias = transition 211 value -strength of S1; Fig. 4A ). 212
Across the population of Imc neurons with correlated visual CRPs (n=66), we found neurons with a range 213 of CRP biases (Fig. 4B ). Some had a negative bias, indicating that these CRPs transitioned from a high to a 214 low value when S2 was less than S1, and others had a positive bias, indicating that those CRPs transitioned 215 from a high to a low value when S2 was greater than S1. However, across the population, the CRP bias 216 was distributed around zero ( Fig. 4B ; median CRP bias = -0.52, p= 0.39, sign test against 0). This indicated 217 that on average, Imc neurons responded at a high level when S1 (RF stimulus) was the strongest stimulus, 218 but transitioned to responding at a low level when S1 was no longer the strongest stimulus, i.e., just when 219 S2 exceeded S1 in strength. This was true separately both for switch-like as well as for gradual CRPs (Fig.  220 4C; top and bottom panels, respectively; switch-like: median bias = -0.68, p = 0.52, sign test against 0, 221 n=39 neurons; gradual: median bias = -0.36, p = 0.7, sign test against 0, n=27 neurons). 222
These results indicated that Imc may signal the strongest of the competing stimuli without any bias, i.e., 223 'accurately', and suggested the interesting possibility that transition values of Imc CRPs are not fixed 224
quantities, but are coupled 'flexibly' to the strength of S1. To test this hypothesis that CRP transition values 225 depend on the strength of S1, we measured two CRPs for each of a subset of Imc neurons. One CRP was 226 measured with a weaker S1, another with a stronger S1 (S1 + 6 °/sec), with S2 varying over the same range 227 of loom speeds in both cases ( Fig. 4DG; [11] ). The stimuli corresponding to the two CRPs were presented 228 in a randomly interleaved manner. We found that the CRP transition value shifted with S1 strength in the 229 predicted way: a stronger S1 produced a right shifted CRP ( CRP showing a right shift). Across the population of tested neurons, we found that the magnitude of the 232 shift in CRP transition value matched on average, the magnitude of the change in S1 strength ( Fig. 4H ; 233 median shift ratio (shift in transition values / change in S1 strength) = 0.89, p = 0.26, sign test against 1, 234 n=27 neurons). 235
Taken together, these results established that Imc neurons report dynamically, an online comparison 236 between the strengths of the two competing stimuli. They signal accurately (with average bias 237 indistinguishable from 0), the strongest of the two competing stimuli, and do so flexibly (with transition  238 values coupled to the strength of S1). 239 240 241 Methods). S1 = 3.6 °/s; transition value = 5.9 °/s; bias = 2.3°/s. (D) Schematic of experimental protocol to measure two CRPs with S1 stimuli of two different strengths, 250
indicated by magenta and blue dots (D). S1 =11.6 °/s; magenta data, and S1 = 17.6 °/s; blue data.
251
(E, F) Two CRPs (shown in magenta and blue, respectively) measured using protocol in D at an example 252 neuron with switch-like CRP. E -rasters, F -firing rate plots, conventions as in Fig. 1 . Transition values: 253 6.95 °/s (when S1 = 11.6; magenta data) and 12.3°/s (when S1 = 17.6 °/s; blue data). Shift ratio (shift in 254 transition value / change in S1 strength) for this example neuron = 0.88.
255
(G, H, I) Schematic (G), and two CRPs (H,I) measured at an example neuron with gradual CRP. Transition 256 values: 3.22 °/s (when S1 = 7.6 °/s; green data) and 9.01 °/s (when S1 = 13.6 °/s; orange data). Shift ratio 257
(shift in transition value / change in S1 strength) for this example neuron = 0.96.
258
(J) Distribution of the shift ratio across n= 27 Imc neurons. Median shift ratio = 0.89, p = 0.26, sign test 259 against 1. 260 261
Comparison of signatures of stimulus competition in the Imc and OTid 262
The findings of switch-like and gradual CRPs in the Imc, as well as accurate and flexible signaling of the 263 strongest stimulus, parallel previous findings in two other key nuclei in the midbrain selection network, 264
namely the OTid [11] [12] [13] Next, we compared the relative proportions of neurons that exhibited switch-like, gradual or uncorrelated 283
CRPs in the Imc vs. OTid (Fig. 5B) The larger fraction of switch-like CRPs in the Imc than the OTid (50% Imc vs. 37.7% OTid) suggested that 292
Imc ensembles may be able to signal the strongest stimulus more categorically than the OTid [12], or in 293 other words, that the signaling of the strongest stimulus may be more "precise" in the Imc (Fig. 5C ). To 294 test this directly, we quantified a metric of categorical signaling: the discriminability (d') across the 295 selection boundary (relative strength =0 /s; S1 = S2[11]; Materials and Methods). To compute this metric, 296
we pooled CRP responses across all recorded Imc neurons (gradual, switch-like and uncorrelated CRPs) 297 binned into 5 relative strength bins, and then calculated the d-prime between the pooled responses in 298 the relative strength bin of -3.5 °/s versus the relative strength bin of +3.5 °/s (straddling the boundary; 299
Fig. 5C-inset; Materials and Methods). We repeated this across all OTid neurons. This approach allowed 300 us to estimate the ability of a downstream neuron of Imc (or OTid; ideal observer) to decode the strongest 301 stimulus from population activity in the Imc (OTid). We found that d' across the selection boundary 302 (S1=S2) was nearly twice as high in the Imc as the OTid (Fig. 5C ; Imc =1.02, OTid = 0.46; p < 0.01, 303 permutation test). This result established that the Imc signaled the strongest stimulus more categorically 304
(with greater precision) than the OTid. 305 Finally, we compared the time course of stimulus competition in the Imc vs. OTid. To this end, we 306
computed the instantaneous firing rates of OTid neurons to S1, and to paired S1 and S2, for each CRP and 307 each strength of S2 (Materials and Methods). Following the procedure employed for analyzing Imc time 308 courses, we binned paired S1+S2 responses into 5 bins. Within each bin, we pooled the instantaneous 309
firing rates across switch-like (and separately, across gradual) OTid neurons (Fig. 5DF; Materials and  310 Methods), and compared the pooled responses to S1 alone with those of S1+S2 using a millisecond-by-311 millisecond ANOVA procedure. We quantified separately for OTid neurons with gradual CRPs (Fig. 5E ) and 312 switch-like CRPs (Fig. 5G) , the time-to-suppression at the different relative strength bins ( Fig. 5EG ; 313
Materials and Methods). We found that times-to suppression were consistently faster in the Imc than the 314 OTid ( Fig. 5H ; Imc faster than OT by median value of 18 ms; p<0.05, sign test). 315
Taken together, these quantitative differences in precision and time course of responses to paired S1 and 316 S2 indicate that the Imc is itself a site where computations related to stimulus competition occur, and also 317 that the presence of a competitor is signaled first in the Imc followed by the OTid. 318 319 Fig. 5 (E) Pooled instantaneous firing rates of OTid neurons with gradual CRPs in response to S1 alone (grey) or 335 paired S1 and S2 (green), binned into five relative strength bins (columns).
336
(F) Millisecond-by-millisecond running ANOVA to determine time-to-suppression (vertical dashed line): the 337 first instant at which responses to paired S1 and S2 diverge significantly from responses to S1 alone 338 (Materials and Methods). OTid responses never diverge significantly for the first relative strength bin (S2-339 S1 = -7 /s; left-most panel).
340
(G,H) Same as E,F, but for OTid neurons with switch-like CRPs (magenta data); OTid responses never 341 diverge significantly for the first relative strength bin (S2-S1 = -7 /s; left-most column).
342
(I) Left: Scatter plot of TTS measured in Imc versus in OTid. Dots: (Imc, OTid) TTS pairs for the different 343
relative strength bins; magenta data -switch-like CRPs; green data -gradual CRPs. For plotting purposes, 344
TTS values corresponding to cases in which the responses to paired S1 and S2 never diverged from those 345 to S1 alone, are coded as 450 ms. in the two brain areas unfolds at the same time during exposure to the same competing stimuli. 353
To this end, we first positioned an electrode in the Imc, mapped the RF, and then positioned a second 354 electrode in the OTid such that the OTid RF overlapped with the Imc RF ( Fig. 6A ; spatially 'aligned' OTid 355
and Imc RFs -dashed ovals). We simultaneously recorded OTid and Imc responses while presenting S1 356 and S2 per the CRP stimulus protocol: S1 was presented within the overlapping portion of the RFs, and S2 357 was presented far outside (> 30 away; Fig. 6A -S1 and S2; both were visual looming dots; Materials and 358 Methods). 359
Responses from an example pair of simultaneously recorded, aligned Imc and OTid sites (distance 360 between RF centers = 8; Materials and Methods) showed that the nature of the CRP was different in the 361 two areas (Fig. 6BC : switch-like in Imc and gradual in OTid). However, both CRPs exhibited negative bias 362 ( Fig. 6C : vertical arrows to the left of black arrowheads). 363
We quantified these properties for each aligned site-pair in our population (n=26 pairs) for which both 364
Imc and OTid CRPs were negatively correlated with the strength of S2 (n=17 pairs). Across these 17 pairs 365
of Imc-OTid sites (average difference in centers of RF = 6.3  +/-0.95), we found that CRP biases in Imc 366
were not different from those in OTid (Fig. 6D; p>0 .05, sign test of TTS differences between Imc and OTid). 367
Notably, CRP biases at paired Imc and OTid sites were positively correlated ( Fig. 6D ; Pearson's ρ = 0.6, 368 p=0.01). By contrast, CRP transition ranges at paired Imc and OTid sites were uncorrelated ( Fig. 6E;  369 Pearson's ρ = -0.37, p = 0.15). These results regarding CRP biases and transition ranges did not depend on 370 the degree of alignment between the paired Imc and OTid sites ( Fig. 6F ; bias vs. alignment, Pearson's ρ = 371 0.07, p=0.8; transition ranges vs. alignment, Pearson's ρ = 0.03, p=0.9). Thus, for Imc and OTid sites 372 encoding for the same portion of sensory space, accuracy of signaling the strongest stimulus was 373 correlated, but precision of the signaling was not. 374
Finally, we examined the speed at which paired Imc and OTid sites signaled the presence of a competing 375 stimulus. We compared the time course of response suppression by calculating (as before) the time-to-376 suppression within each relative strength bin for OTid sites (Fig. 6GH) as well as paired Imc sites (Fig. 6IJ) . 377
The times-to-suppression at paired Imc and OTid sites were highly correlated (Pearson's ρ =0.99, p<0.05, 378 correlation test), with Imc sites signaling the presence of the competitor earlier than paired OTid, 379 consistent with our findings from independent recordings ( Fig. 6K; best panels: responses to S1 and S2 presented together. Strength of S1 = 9.6 °/s. All other conventions as in Fig.  390 1B.
391
(C) Firing rates responses corresponding to rasters in B. Conventions as in Fig. 1C . This study elucidates the properties of multisensory, salience -dependent stimulus competition in a 414 pivotal nucleus in the midbrain selection network in vertebrates, namely the Imc [4, 5, 7, 8, 35] . This small 415 group of GABAergic neurons [4, 29] , which supplies inhibition in a combinatorial manner to all parts of 416 the OT space map [4, 29] , serves a critical function: without it, competitive interactions and selection in 417
the OTid are abolished [22, 23] . Considering the critical role of the intermediate and deep layers of the 418 SCid in target selection for spatial attention [9, 10] , the Imc appears to occupy a spot of central importance 419
within the vertebrate midbrain selection network. 420
One manner in which the Imc might control competition and selection in the OTid is by serving as a passive 421 relay of inhibition, simply flipping the sign on the input excitatory drive from OT10. Together with Imc's 422 anatomical projection patterns, this implementation would allow Imc to facilitate computations in the 423
OTid. However, another possibility is that the Imc is itself a site at which computations relating to stimulus 424 competition occur actively, i.e., one at which information about competing stimuli is compared, with this 425 processed information then being relayed to downstream targets (Ipc and OTid). Our results directly 426 support the latter hypothesis. 427
We found that most Imc neurons (~85%) responded to a visual RF stimulus (S1) with decreasing firing 428 rates as the strength of a distant visual competitor (S2) was systematically increased. The responses 429
transitioned from a high to a low value in an abrupt (switch-like) manner in the majority of these cases 430 (60%), and gradually in the others. Notably, the strength of S2 at which the transition from high-to-low 431 responses occurred was coupled to the strength of S1, and was, on average equal to it. These results 432 demonstrated that Imc neurons perform an online comparison of the strengths of the competing stimuli, 433 and signal the strongest one. The large proportion (60%) of switch-like response profiles resulted in the 434
Imc signaling categorically the strongest stimulus -we have shown in previous work that a population of 435 neurons in which 30% or more exhibit switch-like competitive response profiles produces categorical 436 signaling at the level of the entire ensemble [11] . 437 Imc neurons also exhibited multisensory stimulus competition. When Imc was tested with competing 438 stimuli of different sensory modalities, we found qualitatively similar results to when both stimuli were 439 visual. These results indicated that Imc signals the strongest stimulus, independently of the sensory 440 modalities. Notably, building off of findings that the average transition value of Imc response profiles is 441 equal to the strength of S1, in the auditory case, the average transition value (-71 dB) across neurons 442
presents an estimate of the binaural level of an auditory competitor that the Imc deems to be equivalent 443 in strength to the average loom speed of S1 (6.9 °/s). 444
Our results also showed distinct time courses of responses for neurons with switch-like versus gradual 445
CRPs. When S2 was weaker than S1, switch-like neurons signaled the presence of a competitor later than 446 gradual neurons, but when S2 was stronger than S1, switch-like neurons were faster. This potentially 447 puzzling 'flip' was accounted for by the intrinsic differences in the shapes of switch-like versus gradual 448 neuron responses, which resulted in greater amounts of response suppression for gradual CRPs when the 449 competitor was weaker than the stimulus in the RF (S2 < S1) but greater amount of suppression for switch-450
like CRPs when the competitor was stronger (S2 > S1), indicating that compared to neurons with gradual 451
CRPs, neurons with switch-like CRPs quickly and effectively reflect response suppression when a 452 competing stimulus is the stronger one. These differences are also potentially consistent with circuit 453 mechanisms necessary for producing switch-like response profiles [36] . 454
The signatures of competition in the Imc are quantitatively and qualitatively different from those in the 455
OTid. Imc and OTid neurons both signaled the strongest stimulus accurately, with almost no bias in 456 estimating when the two competing stimuli were equal in strength. However, with respect to another key 457 aspect of stimulus competition, namely, the precision with which neurons signal the strongest stimulus ̶ 458 either in a binary-like, explicitly categorical manner, or in a more analog, gradual manner ̶ Imc differed 459 quantitatively from the OTid: it signaled the strongest stimulus much more accurately (2x better). These 460 results first came to light from data collected independently (in different experiments) in the Imc and 461
OTid, but using the same experimental set-up, stimulus protocols and analysis pipelines. Subsequently, 462 paired simultaneous recordings in spatially aligned portions of the Imc and OTid not only confirmed these 463 findings, but extended them. They revealed that some aspects of stimulus competition occurred in a 464 coordinated manner in portions of Imc and OTid that encode for the same region of sensory space, i.e., 465
that are active at the same time in a bird experiencing the competing stimuli. Specifically, the bias of 466 neurons in estimating whether a competing stimulus was weaker or stronger than their RF stimulus was 467 highly correlated. This suggests the presence of a shared or mutually dependent mechanism in setting the 468 bias of competition. By contrast, the precision with which neurons signaled the strongest stimulus was 469 not correlated between Imc and OTId neurons encoding for overlapping regions of sensory space. This 470
suggests the presence of independent mechanisms in these two areas involved in setting the precision of 471 competition, providing further support for Imc being an active, independent locus of competition, rather 472 than a simple inhibitory relay. 473 Analysis of response time courses in both the separate as well as paired Imc-OTid experiments 474 demonstrated that the Imc reports stimulus competition and signals the strongest stimulus earlier than 475
the OTid. Considering that the Ipc, the other key nucleus in the midbrain selection network is also a 476 downstream target of the Imc (just as the OTid is), it is plausible that the Ipc will also be slower than the 477
Imc at signaling the strongest stimulus, just as the OTid is (but needs to be tested). Consequently, the Imc 478 emerges as the site within the heavily interconnected midbrain selection network at which stimulus 479 competition is potentially resolved first. In any case, the finding above, along with Imc's categorical 480 signaling and anatomical connectivity, reveals that the Imc sends differentially (categorically) enhanced 481 competitive inhibition to OTid and Ipc sites encoding the weaker versus the stronger competing stimuli. 482
In summary, not does Imc actively perform computations of relative strength dependent stimulus 483 competition, and does so earlier than the OTid, some aspects of these computations differ qualitatively 484 from paired OTid sites. Overall, the Imc is more categorical in its signaling of the strongest stimulus. 485
The mechanism by which competition within the Imc may occur is yet to be demonstrated directly. etc., may be implemented in neural circuits [39] . The ubiquity of selection in adaptive behavior, coupled 494
with our current lack of understanding of the precise neural mechanisms that underpin it, highlight the 495 importance of the barn owl midbrain selection circuit as a gateway for generating hypotheses about viable 496 circuit solutions for selection and decision-making in general. 497
MATERIALS AND METHODS 498
Neurophysiology 499
Eleven adult barn owls (Tyto alba; male and female; shared across different studies) were used for 500 electrophysiological recordings. Birds were group housed in an aviary with a 12hr/12hr light/dark cycle. 501
All protocols for animal care and use followed approval by the Johns Hopkins University Institutional 502
Animal Care and Use Committee, and were in accordance with NIH guidelines for care and use of 503 laboratory animals. All experimental and surgical procedures followed previously published methods [30] . 504
Briefly, owls were anesthetized with isoflurane (2%) and a mixture of nitrous oxide and oxygen (45:55) on 505 experiment days and head-fixed in a sound-attenuating booth. The head-fixation was calibrated following 506 published procedures [40] such that the dorsolateral tip of the pecten oculi structures within the eyes 507
were positioned at 7° above the horizon and approximately 25° lateral to the vertical midline. Isoflurane 508 was ceased after birds were secured. We recorded from single and multiunit sites in the Imc and OT either 509 epoxy-coated tungsten microelectrodes (A-M Systems, 5 MΩ at 1kHz). Recording sites in the intermediate 510 and deep layers of OT (OTid) and the Imc were targeted on the basis of stereotaxic coordinates (from prior 511 experiments) and verified on the basis of established neural signatures as described elsewhere [11, 16, 512 22, 29, 30] . For Imc recordings, an electrode was positioned to enter the brain at a medial-leading angle 513 of 5°. At a subset of sites, a second electrode was lowered into OTid to make dual recordings 514 simultaneously. Upon positioning the recording electrode(s), nitrous oxide was turned off for the duration 515 of the data collection in some experiments; previous work has established no effect of nitrous oxide 516 tranquilization on neural responses to competition protocols in the midbrain network [11] . Spike times 517
were recorded using Tucker-Davis hardware and custom MATLAB software. Multiunit spike waveforms 518 (OTid and Imc) were sorted into single neurons using the Chronux spike-sorting toolbox [41] . The quality 519 of the sorted neurons were assessed visually, and additionally subjected to an F-test to determine 520 whether or not each neuron was well-isolated from other neurons recorded within the same multiunit 521 site [29] ; only well-isolated neurons were retained. 522
523
Stimuli 524
Visual stimuli were presented as black, fixed contrast, expanding looming dots on a grey background on a 525 65" monitor. Looming dot stimuli were used as these reliably evoke strong responses in OT and Imc [11, 526 16] . The strength of a looming stimulus was defined by its loom speed, with faster loom speeds typically 527 evoking greater responses; the typical range of loom speeds used was 0°/s to 20°/s. Locations of visual 528 stimuli were defined by double pole coordinates relative to the midsagittal plane for azimuth or the visual 529 plane for elevation [40] . Auditory stimuli were presented as broadband noise bursts with equalized 530 amplitudes delivered binaurally through earphones. Sounds were filtered with a head-related transfer 531 functions (HRTF) of a standard barn owl [16] . Strengths of auditory stimuli were defined by the auditory 532 binaural level (ABL). Visual stimuli were generated using custom MATLAB scripts and psychtoolbox (PTB-533 3; [42, 43] ), and auditory stimuli were generated using custom MATLAB scripts and Tucker Davis 534
Technologies hardware. 535 Two-dimensional receptive fields (RFs) were collected by presenting a stimulus at various azimuthal and 536 elevational locations. These stimuli were either a single looming dot of fixed strength or a stationary dot 537 (radius 3°) moving at a 45° angle over 3°. For RF measurements, stimuli were presented for 5-7 repetitions, 538
with a duration of 250 ms each and an inter stimulus interval of 1000-1500 ms. Spatial locations at which 539 a single stimulus elicited higher firing rates compared to baseline were deemed to constitute neuron's 540 spatial RF, and were used to estimate RF extent (half-max-width) and center (weighted average of RF 541 locations). 542
Stimulus competition protocols involved the presentation of a visual stimulus (S1) of fixed strength inside 543 the RF, either by itself, or with a second stimulus (either visual or auditory; S2vis or S2aud, respectively) of 544 varying strengths presented at a distant location (typically 30° away from S1). The resulting responses 545 from paired S1 and S2 presentation were collectively called competitor-strength dependent response 546 profiles or CRPs [11] . Stimuli were presented for 10-15 repetitions, with a duration of 250 ms each and an 547
inter stimulus interval of 2-3 seconds. 548
Data Analysis 549
All analyses were done using custom MATLAB scripts. Response firing rates were determined by counting 550 the number of spikes over a time window following stimulus onset, converting this count to firing rate 551 (sp/s), and subtracting the baseline firing rate. The window for computing firing rates was visually 552 estimated in order to capture evoked responses for each for each neuron and started, on average, at 120 553 ms (115 ms) and had a width, on average, of 170 ms (170 ms) for Imc (OTid) neurons. Average firing rates 554 and error bars (s.e.m) were computed from the firing rates across all the repetitions of stimulus 555 presentation, after removing outlier values. Outliers were identified as points that lay outside the range 556 of median ± 1.5*inter-quartile-range of the distribution. 557
To characterize the responses to the paired presentation of S1 and S2 (i.e., CRPs), we calculated the 558 correlation (Pearson, corrcoef command in Matlab) as a function of the strength of S2. A significant 559 negative correlation (p < 0.05) indicated that responses significantly decreased as S2 strength increased. 560
If a neuron did not exhibit significant negative correlation, it was deemed to exhibit fixed response 561 suppression if the suppression was significant for the majority of S2 values (one-way ANOVA on the firing 562 rates to different competitor strengths followed by post-hoc tests against responses to S1 alone, corrected 563 for multiple comparisons). The remaining neurons were considered to not show any effect related to the 564 presence of S2. 565
Negatively correlated CRPs were fit with a standard sigmoidal function and the parameters of the best fit 566 determined [11] . To obtain reliable estimates of the best fitting sigmoid, any S2 strength for which 567 responses differed non-monotonically from its neighbors, and did so substantially (>150% of the response 568 difference between the neighbors), was omitted from the fitting process and subsequent analyses. We 569 defined transition range of each CRP as the range of strengths of S2 over which responses decreased from 570 90 to 10% of the max response rate. The half-max of this range was defined as the transition value, i.e., 571 the value of the strength of S2 where responses transitioned from being stronger to weaker than the half-572 max response. The determination of whether CRPs transitioned abruptly (in a 'switch-like' manner) or 573 systematically (in a 'gradual' manner) from high to low responses, we adopted previously published 574 conventions [11, 32] : CRPs with transition ranges that were narrower than 4 o /s, or 1/5 th of the 575 physiological range of S2 strengths were considered to be "switch-like" responses, and others as "gradual" 576 responses. Similarly, for auditory competitors, CRPs with a transition range of 9 dB or less were considered 577 to be switch-like, and the others gradual. Incidentally, these "cut-off" values correspond closely to the 578 dips in the bimodal distributions of transition ranges (Figs. 1F, and 3D, respectively) . 579
For neurons with negatively correlated CRPs, we also calculated the instantaneous firing rates (IFRs) by 580
first obtaining the PSTH of the responses (1 ms time bins), and then smoothing the PSTH with a Gaussian 581 kernel (σ = 12 ms). For each neuron, the IFRs to the paired presentation of S1 and S2 (as well as to S1 582 alone) were normalized by the peak of the average IFR to S1 alone. 583
The pooled population responses in Figures 2, 5, and 6 were obtained by binning relative strengths (S2-584 S1) into five bins, and combining the responses of all the neurons within each bin [11] . This was done 585 separately for OTid and Imc neurons, and separately for neurons with gradual and switch-like CRPs. The 586 time course of response suppression by S2 was determined (within each relative strength bin) by 587 performing a millisecond-by-millisecond ANOVA, comparing the pooled IFRs to S1 alone versus to S1 and 588 S2 presented together [44] . The time-to-suppression was defined as the first millisecond at which the p-589 value of the ANOVA comparison dropped below 0.05, remained below 0.05 for the next 25 ms, and 590 reached 0.01 at least once in that period [11] . 591 Discriminability (d-prime) between responses to two stimulus conditions was computed as the difference 592 in mean responses over the square root of the average of the variances. 593
For comparison of results from dual, simultaneous recordings in the Imc and OTid, we performed all 594 analyses on data from pairs of multiunit sites, rather than on data from pairs of single neurons sorted 595 from these multiunit sites. This is because there was no rational way of establishing which specific neurons 596 sorted from the Imc site ought to be paired with which neurons in the OTid site; comparing all possible 597 pairs would violate the assumption of statistical independence across samples. Notably, because multiunit 598 sites are indeed activated as a whole upon the presentation of stimuli, we do not lose interpretive power 599 in (analyzing and) comparing site responses between Imc and OTid. 600
